SUPERCONDUCTING COIL SYSTEM 
BACKGROUND OF THE INVENTION 

This invention relates to the superconducting coil 
technology as well as the nuclear fusion reactor 
5 technology. 

Superconductors making up superconducting coils for 
generating large amounts of magnetic field as in nuclear 
fusion reactors are of the cable-in-conduit (CIC) type. A 
CIC conductor comprises a large number of superconducting 

10 wires about 1. mm in diameter that are housed in a metal 
conduit. When a certain area of the conductor makes a 
transition to the normally conducting state, the area's 
temperature will arise due to Joule's heat and can damage 
the conductor. In order to prevent this problem, pure 

15 copper wires are also provided within the metal conduit. 

Fig. 1A is a cross section of a conventional CIC conductor 
in the form of a cable comprising about 200 superconducting 
wires 1 and 21 pure copper wires 2 of three kinds that are 
housed in a metal conduit 3. Fig. IB is a cross section of 

20 a superconducting coil comprising a winding 6 housed in a 

coil case 8 as it consists of the CIC conductors 4 that are 
embedded in stainless steel plates with spiral grooves made 
in their surfaces. 

The quantity of the pure copper wires depends on the 

2 5 decay time of the current flowing through the 

superconducting coil after the transition to the normal 
conducting state and the shorter the decay time, the 
smaller the quantity of heat generated and so is the amount 



of copper. The magnetic energy accumulated in the 
superconducting coil is consumed by a resistor provided 
outside of the coil . 

One way to make the CIC conductor compact would be 
5 shortening the decay time so as to reduce the amount of 
pure copper wires and hence the size of the conductor. 
However, the toroidal field coil made of the 

superconducting coil for use in nuclear fusion reactors has 
an internal vacuum chamber for confining the hydrogen fuel. 

10 If the decay time of the superconducting coil is shortened, 
a large varying magnetic field is applied to the vacuum 
chamber and causes an induction current to flow into the 
vacuum chamber. The induction current combines with the 
magnetic field to create a large enough force to damage the 

15 vacuum chamber. 

SUMMARY OF THE INVENTION 

An object, therefore, of the present invention is to 
provide a method by which the amount of pure copper wires 
in CIC conductors employed in a superconducting coil system 

20 for use in nuclear fusion reactors can be sufficiently 

reduced or entirely eliminated to reduce the conductor size 
without destroying the plasma confining vacuum chamber. 
BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1A is a cross section of a conventional CIC 

25 superconductor containing pure copper wires; 

Fig. IB is a cross section of a superconducting coil 
having a winding of such CIC superconductors housed in a 
coil case; 



Fig. 2 shows in conceptual form the effectiveness of 
the pure copper wire; 

Fig. 3A is a cross section of a CIC superconductor 
according to the present invention which does not contain 
5 pure copper wires; 

Fig. 3B is a cross section of a superconducting coil 
having both a winding of such CIC superconductors and a 
normal conducting coil housed in a coil case; 

Fig. 4 A shows how the current through a 
10 superconducting coil which was fabricated of conductors 

containing pure copper wires diminished when it was caused 
to decay rapidly to zero; and 

Fig. 4B shows how the current through a 
superconducting coil which was fabricated of conductors 
15 containing no pure copper wires and the current through a 
normal conducting coil coupled electrically to the 
superconducting coil diminished when the current through 
the superconducting coil was caused to decay rapidly to 
zero . 

20 DETAILED DESCRIPTION OF THE INVENTION 

The CIC superconductor has pure copper wires that 
carry a bypass current if the live superconductor makes a 
transition to the normal conducting state, so that the 
temperature of the superconductor will not become higher 

25 than a certain level (typically 250 K) due to Joule's heat. 
The effectiveness of such pure copper wires is shown 
diagrammatically in Fig. 2. If a superconducting wire 1 
makes a transition to the normal conducting state over a 



certain length, a portion of the current flow through the 
superconducting wire 1 diverges into an adjacent pure 
copper wire 2. As a result, the temperature of the 
superconducting wire 1 can be held below the critical 250 K 
5 in spite of Joule's heat generation during the rapid 
decaying of the current . 

This means the pure copper wires can be eliminated 
from the superconductor by employing a substitute bypass of 
current flow. As a result of the intensive studies they 

10 made in order to attain this goal, the present inventors 
found, that a copper coil establishing adequate electrical 
coupling to the superconducting coil serves as a reliable 
bypass of current flow. The present invention has been 
accomplished on the basis of this finding. 

15 An example of the superconducting coil system of the 

invention which contains a normal conducting coil is 
depicted in Fig. 3A which is a cross section of a CIC 
conductor which is solely made of about 200 superconducting 
wires 1 housed in a metal conduit 3 without pure copper 

20 wires and in Fig. 3B which is a cross section of a 
superconducting coil which has a winding 6 of such 
conductors 5 and a normal conducting coil 7 housed in a 
coil case 8. 

The superconducting coil system of the invention 
25 comprises a superconducting coil solely fabricated of 

cable -in -conduit conductors without pure copper wires and a 
normal conducting coil which allows a portion of current 
flow to bypass the superconducting coil by induction. 



In the superconducting coil system of the invention, 
the normal conducting coil has a current time constant 
(L 2 /R 2 ) which is larger than L 1 /R 1 , or the time constant at 
which the current through the superconducting coil decays 
5 rapidly after the conductors in the superconducting coil 
made a transition to the normal conducting state. Symbols 
L x and L 2 represent the self -inductances of the 
superconducting coil and the normal conducting coil, 
respectively. Symbol R x represents the resistance during 

10 rapid demagnetization, or the resistance for causing rapid 
decay of the current flow through the superconducting coil, 
and R 2 represents the resistance of the normal conducting 
coil. The normal conducting coil having these 
characteristics can be fabricated from copper, aluminum and 

15 other metal conductors of low resistance. 

The superconducting coil system of the invention must 
satisfy the above -described time constant conditions but it 
is not limited by other conditions including the sizes of 
the superconducting coil and the normal conducting coil, 

20 and their relative positions in the system. Hence, the 
s'uperconducting coil system of the invention embraces a 
variety of embodiments including the one depicted in 
Fig. 3. 

When the current flowing through a superconducting 
25 wire is reduced abruptly, an induction current flows 

through the electrically coupled normal conducting coil and 
the amount of current flow through the superconducting wire 
decreases correspondingly. The relationship between the 



current flowing through the group of superconducting wires 
in the superconductors in the superconducting coil and the 
current flowing through the conductors in the normal 
conducting coil can be expressed by the following 
5 equations : 

I x = A x exp( - (a-b) t ) + B^xpf - (a+b) t ) 
I 2 = A 2 exp( - (a-b) t ) + B 2 exp( - (a+b) t ) 
where I x and I 2 represent the current flows through the 
superconducting and normal conducting coils, respectively; 

10 t represents time; and A 1# A 2 , B 1# B 2 , a and b represent 
constants determined by the initial current through the 
superconducting coil, the self -inductances (L x and L 2 ) of 
the superconducting and normal conducting coils # their 
resistances and mutual inductance (M) . 

15 Calculations and the resulting data are shown in 

Figs. 4A and 4B. Fig. 4A shows how the current through a 
superconducting coil which was fabricated of conductors 
containing pure copper wires diminished when it was caused 
to decay rapidly to zero; and Fig. 4B shows how the current 

20 through a superconducting coil which was fabricated of 

conductors containing no pure copper wires and the current 
through a normal conducting coil coupled electrically to 
the superconducting coil diminished when the current 
through the superconducting coil was caused to decay 

25 rapidly to zero. 

The current flowing through the normal conducting 
coil was initially zero and increased with time, peaked at 
a certain point of time and decreased thereafter. The sum 



of the current through the superconducting coil and the 
current through the normal conducting coil is substantially 
equal to the change in the current flowing through a 
superconducting coil comprising the conventional 
superconductors containing pure copper wires. Hence, the 
amount of a varying magnetic field applied to the vacuum 
chamber is substantially the same as what is applied in the 
prior art and the vacuum chamber will not be damaged. 

In order for the normal conducting coil to be 
effective, it must have large enough electrical coupling to 
the superconducting coil. In other words, the efficiency 
of coupling between the normal and superconducting coils 
(k = M/ (L 1 *L 2 ) 0,5 ) is desirably at least 0.5 (50%). 

Fig. 3A is a cross section of a superconducting coil 
coupled to a normal conducting coil in an embodiment of the 
present invention. The conductor in the superconducting 
coil is a CIC conductor that consists solely of 
superconducting wires as depicted in Fig. 3A and does not 
contain pure copper wires. In terms of cross -sectional 
area, this conductor is two thirds of the CIC conductor 
shown in Fig. 1A which contains pure copper wires. This 
realizes a corresponding decrease in the cross -sectional 
area of a winding of the conductors buried in grooves cut 
spirally into plates. On account of the resulting decrease 
in area, an extra space becomes available for accommodating 
the normal conducting coil. The conductors of the normal 
conducting coil are rectangular monolithic copper wires 
which are covered with an insulation coating, wound into a 



solenoid and impregnated with an epoxy to form a coil. 
Both ends of the coil are joined directly to form a loop. 
The thus fabricated normal conducting coil is housed in a 
coil case together with the superconducting coil. 
5 The present invention offers the following 

advantages . 

1. By eliminating the pure copper wires, the size of 
superconductors is reduced and the cost of their 
fabrication is reduced since they have higher current 

10 density. The decrease in size is typically about two 

thirds of the conventional CIC conductor using pure copper 
wires . 

2. The decreased size of the conductor contributes to 
reducing the cross -sectional area of the winding which in 

15 turn contributes to the fabrication of a compact coil and, 
hence, the reduction of the cost of coil fabrication. 

3 . The normal conducting coil can consume about one half of 
the magnetic energy accumulated in the coil system, so the 
external resistance provided outside of the superconducting 

20 coil can be reduced by half, thus contributing to reducing 
by half the initial cost of the resistor and its 
installation volume. 

4. Unlike the superconducting coil, the normal conducting 
coil is not subjected to heat treatments, so it permits a 

2 5 wide range of materials to choose from and can be 

fabricated of copper, aluminum, lead or composites thereof 
depending upon the characteristics required of the 
superconducting coil. 



5. The superconducting coil system of the invention which 
finds particularly efficient use in nuclear fusion reactors 
is also useful in other equipment such as a magnetic energy 
accumulator. 
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